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The evolution of specific seed traits in scatter-hoarded tree species often has been attributed to granivore foraging behavior. However, the degree to which foraging investments
and seed traits correlate with phylogenetic relationships among trees remains unexplored.
We presented seeds of 23 different hardwood tree species (families Betulaceae, Fagaceae,
Juglandaceae) to eastern gray squirrels (Sciurus carolinensis), and measured the time and
distance travelled by squirrels that consumed or cached each seed. We estimated 11 physical and chemical seed traits for each species, and the phylogenetic relationships between
the 23 hardwood trees. Variance partitioning revealed that considerable variation in foraging
investment was attributable to seed traits alone (27–73%), and combined effects of seed
traits and phylogeny of hardwood trees (5–55%). A phylogenetic PCA (pPCA) on seed traits
and tree phylogeny resulted in 2 “global” axes of traits that were phylogenetically autocorrelated at the family and genus level and a third “local” axis in which traits were not phylogenetically autocorrelated. Collectively, these axes explained 30–76% of the variation in
squirrel foraging investments. The first global pPCA axis, which produced large scores for
seed species with thin shells, low lipid and high carbohydrate content, was negatively
related to time to consume and cache seeds and travel distance to cache. The second
global pPCA axis, which produced large scores for seeds with high protein, low tannin and
low dormancy levels, was an important predictor of consumption time only. The local pPCA
axis primarily reflected kernel mass. Although it explained only 12% of the variation in trait
space and was not autocorrelated among phylogenetic clades, the local axis was related to
all four squirrel foraging investments. Squirrel foraging behaviors are influenced by a combination of phylogenetically conserved and more evolutionarily labile seed traits that is consistent with a weak or more diffuse coevolutionary relationship between rodents and hardwood
trees rather than a direct coevolutionary relationship.
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Introduction
Scatter-hoarding rodents influence seedling establishment in many communities by acting as
seed dispersal agents and seed predators [1,2]. Whereas most seeds harvested by rodents are
ultimately consumed [1,3], many rodents enhance the probability of germination and establishment by caching in suitable microsites [4] and then subsequently failing to recover a portion of these seeds [1,5]. Most rodents can therefore, easily shift from mutualism to seed
predation, and this conditional nature of mutualism between seed-bearing trees and scatterhoarders is a delicate one [1] that often follows from the rodents’ responses to seed characteristics [2,6].
From the perspective of a rodent, seed preference and seed handling involve a sequence of
behavioral decisions. At each step in the process, scatter-hoarders presumably evaluate costs
and benefits associated with alternatives to maximize use of resources [7,8]. Experiments with
artificial and natural seeds suggest that seed dispersal and handling behavior is related to the
perceived value of a seed, or the benefits of attractive traits discounted by the costs levied by
defensive seed traits [8,9]. While numerous studies have focused on the relationship between
seed traits and fate, fewer have examined the influence of seed traits on the specific behavioral
decisions of the scatter hoarder [10,11]. Fine-scale assessments of the seed handling process
provide evidence that rodents evaluate the condition of seeds (e.g. by paw manipulation in
Sciurus niger), which may be predicted by traits indicating seed quality or condition [11].
From the perspective of a tree, some seed traits may improve the probability of being cached
or consumed, thereby influencing fitness [12]. Creating an attractive seed (e.g., with a high
caloric value) in comparison to that of competitors is beneficial because such seeds may be dispersed longer distances [13,14,15] reducing density-dependent mortality from seedling competitors or seed predation [16–18]. On the other hand, a seed with defensive traits such as a
hard shell may be beneficial because such seeds increase handling costs and induce seed caching behaviors thereby increasing seed survival [10,19–22]. Seeds of hardwood trees in China,
for example, show trade-offs with respect to investment in seed traits that likely influence handling costs and seed dispersal [12].
Observations of seed handling and seed chemistry provide abundant evidence for reciprocal
evolutionary effects between rodents and woody plants [23]. In tree squirrels, suites of behavioral adaptations and morphological adaptations have resulted from selective pressures associated with seed morphology and chemistry [23]. For example, gradients of tannin
concentrations have been observed in oak kernels, which impart physiological and metabolic
costs to rodents and result in portions of kernels being rejected [24–27]. In response, some
rodents have adapted to detoxify tannins [28,29], and many cache acorns with high tannin
concentrations more frequently, possibly to avoid or delay the costs associated with ingesting
tannins [30,31]. In trees, changes in seed chemistry and morphology have evolved in response
to predation and dispersal pressures exerted by tree squirrels [23]. For instance, white oak
seeds show no dormancy and multiple-seeded acorns possibly to minimize length of exposure
to predation and escape mortality from embryo-excision behaviors by eastern gray squirrels
[31,32]. Thus far all approaches to rodent-tree coevolution have collected some combination of
detailed morphological, physiological, behavioral, and biogeographic data [23]. While these
studies suggest that coevolutionary interactions exist between granivorous rodents and hardwood trees, the strength of this interaction is variable [23].
Coevolutionary relationships between plants and seed dispersers have been described across a
continuum, ranging from strong, pairwise interactions to weak, diffuse interactions. Pairwise
coevolution occurs between specific species and leads to strong selective pressures on traits [33].
Recent observations of acorn (Quercus spp.) embryo excision behavior shown by naïve squirrels
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(Sciuridae spp.; [31,32]) is an example of a behavioral adaptation and suggests a strong and perhaps pairwise coevolutionary relationship between oaks and squirrels [31,34]. In contrast, weak
selective pressures due to disparities in evolutionary rates of woody species and animal dispersers, unpredictability of conditions for seed germination, and a plethora of other factors leads to
diffuse or weak coevolution [35,36].
To better understand the nature of coevolutionary interactions between hardwood tree
seeds and squirrels, we used a combination of phylogenetic and ecological methods to determine how seed caching and seed consumption behaviors of eastern gray squirrels (Sciurus carolinensis) varied as a function of seed traits and phylogenetic relationships of 23 hardwood
trees species. Specifically, we hypothesized that gray squirrels would invest more time and
travel longer distances to consume and cache seeds with strong physical defenses and high
nutrient values. In addition, we predicted that conspecific interference would be related to
physical defenses of a seed and nutrient value of a seed. We incorporated phylogenetic relationships of hardwood trees into our analyses to evaluate the relative proportion of gray squirrel
seed handling behaviors that is influenced by common ancestry of hardwood tree species and
to determine which phylogenetically related seed traits influence handling. We hypothesized
that if strong coevolutionary relationships occur between gray squirrels and hardwood tree species, most of the variation in gray squirrel behavior would be explained by seed traits with
strong phylogenetic signals. However, weaker, more diffuse coevolutionary relationships
would be explained by a mix of seed traits with a strong phylogenetic signal and those traits
with no phylogenetic signal. Finally, if no coevolutionary relationships occur, phylogenetically
conserved traits should explain a small portion of the variation in gray squirrel behavior.

Materials and Methods
Seed handling metrics
Free-ranging eastern gray squirrels on the campus of Purdue University were presented with a
sequence of seed types in pseudo-random order between 1 October 2011 and 15 February 2012.
Seeds were obtained from commercial seed companies (F. W. Schumacher Co., East Sandwich,
MA and Sheffield’s seed Co., Locke, NY) and from beneath trees on campus. Seeds were stored
at 4°C, separated by species in plastic containers. Seed presentations were conducted by tossing
a seed to a squirrel from 1–4 m. If the squirrel retrieved the seed, the observer video recorded
the event until the seed was consumed or cached. When the seed was consumed, the observer
recovered the remains of the seed kernel and shell by sifting through the litter and soil. The distance a squirrel moved to cache or consume a seed was determined by retracing the path of the
squirrel, marking the final destination, and then measuring the straight-line distance between
the point of encounter of the seed and the final location. If the distance travelled was too great
to be accurately estimated with a tape measure, a GPS (Garmin Model No.72) was used to
obtain coordinates. Straight-line distance was then calculated in ArcGIS 10 (Environmental Systems Research Institute 2010). A second seed was presented to a squirrel only after the first seed
was handled, and the process repeated until squirrels no longer recovered seeds. Presentations
of the same seed types were spatially separated by selecting locations that were >100 m apart
to increase the likelihood that data were collected from different squirrels. Exceptions were permitted only if two different squirrels could be recorded simultaneously. The protocol included
non-intrusive observation with no hindrance to the animals, and therefore, we did not seek
additional approval from Purdue Animal Care and Use Committee (PACUC).
Foraging trial videos were collected for 23 seed types from the tree families Betulaceae, Fagaceae, and Juglandaceae (S1 Table). The time taken to consume or cache each seed was calculated from the videos. Time required to consume and cache a seed was defined as the time
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needed to consume and completely bury a seed respectively, and did not include travel time.
We quantified the number of recorded trials per seed type in which the focal squirrel was
chased by a conspecific while handling a seed, which we define as conspecific interference [37].

Seed traits
The value of each seed trait was measured for 3 seeds for each of the 23 seed types unless specified otherwise (S2 Table). Percentage of moisture in seeds was calculated by drying samples at
103°C for 3 days. Percentage of tannic acid equivalents in nutmeat was determined by performing radial diffusion assays [38,39]. The value was expressed as tannic acid equivalents occurring
in 100 grams of dry nutmeat. Energy content of the nutmeat was obtained in a bomb calorimeter (PARR 1262 bomb calorimeter, Parr Instrument Co., Moline, IL) using benzoic acid as a
calibration standard. The value was adjusted to obtain calories per gram of dry weight. Seed
hardness was estimated as the peak load (kilograms) required to break a seed’s shell and pierce
the nutmeat. Testing was done with a MTS/Sintech computerized testing machine (MTS Corporation, Eden Prairie, MN) using a crosshead fashioned after the skull of an eastern gray
squirrel and designed to mimic a squirrel’s incisor action (S1 Fig). Only the upper incisors
were used to obtain hardness estimates. Peak load within 5 mm crosshead displacement was
sufficient to break the seed shell of most seeds and was used as an estimate of seed hardness.
Only butternut (Juglans cinerea) seed shells were not pierced with the 5 mm crosshead; therefore, 10 mm displacement was employed for this seed. Seed shell thickness was determined by
visualizing the cross section of seed shells with a stereoscopic microscope attached to a Nikon
Imaging System at 4.91 micrometers per pixel. Proximate analysis was performed following
Association of Official Analytical Chemists (AOAC) protocols to estimate percentage of crude
proteins (Kjeldahl, AOAC Official Method 984.13 A-D, 2006), fats (ether extraction, AOAC
Official Method 920.39 A, 2006) and carbohydrates (difference method, FAO 2003) in nutmeat. We combined kernels from multiple seeds to obtain at least 10g of dried material, and
duplicate samples were used in proximate analyses for each seed type. Finally, we used number
of days of cold stratification required before germination in a chamber as an index of dormancy
period of seed types. Estimates of cold stratification days were obtained from the literature
[40–42], and averages were computed and used whenever a range of days was provided.

Molecular and phylogenetic methods
We conducted a phylogenetic analysis to estimate and incorporate evolutionary relationships
between hardwood tree species into analyses in this study. To achieve this goal, we first
extracted DNA from plant tissue using two methods. For the majority of species, we extracted
DNA from leaf tissue using a phenol-chloroform protocol [43], modified by grinding fresh leaf
tissue with 500mg PVPP in liquid nitrogen [44]. We used the PowerPlant Pro DNA Isolation
Kit (MoBio Laboratories, Inc; Carlsbad, CA) to extract DNA from Carya tomentosa leaf tissue
and embryos removed from the seeds of Quercus prinus and Quercus bicolor.
To create a phylogeny for our 23 hardwood tree species, we used sequence data from two
chloroplast genes- ribulose-bisphosphate carboxylase oxygenase large subunit (rbcL) and
maturase K (matK) as well a portion of the nuclear genome that included the internal transcribed spacer 1, 5.8S rRNA gene, and the internal transcribed spacer 2 (ITS). When possible,
we obtained relevant sequences from Genbank (S6 Table). For the remaining species, we
sequenced each sample using polymerase chain reaction (PCR) on an Eppendorf Mastercycler
(Eppendorf, Westbury, New York). Initial amplification was performed in 20 μL reactions containing approximately 40 ng template DNA, 1 unit of NEB Taq polymerase, 0.3 lM of each
primer, 1.5 mM MgCl2, 10 mM Tris-HCl, 50 mM KCl, 0.5 mg/ml BSA, and 0.2 mM of each
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dNTP. PCR parameters included an initial denaturing temperature of 95°C for 30 seconds followed by 30 cycles of 95°C for 30 seconds denaturing, annealing temperature of 53°C for rbcL
and matK [45] and 58°C for the ITS gene (primers ITS5 and ITS4; [46]), and 72°C for 1 minute
elongation, with a final elongation temperature of 72°C for 5 minutes. We cleaned the resulting
PCR product with the MinElute PCR Purification Kit (Qiagen, Valencia, California). Sanger
sequencing reactions were performed at 10μL and contained 50 ng of template and Big Dye
3.1. We used an ABI Prism 3730XL sequencer (Applied Biosystems, Foster City, CA, USA) and
trimmed sequences in Sequencher 4.7 (Gene Codes Corp., Ann Arbor, MI).
We aligned the sequences for each gene using M-coffee web server hosted by the Centre for
Genomic Regulation [47,48]. We tested for congruence of species pairwise distance matrices
derived for the 3 aligned genes in this study by calculating Kendall’s W statistic of concordance
as implemented by the function ‘CADM’ within the package ‘ape’ in R [49]. After rejecting the
null hypothesis of incongruence between distance matrices, we concatenated sequences of the
3 genes for further analyses. The function ‘modelTest’ in the package ‘phangorn’ was used to
select the best nucleotide substitution model for the concatenated sequences [50]. Model SYM
(symmetrical model; [51]) + G (gamma distributed rate variation) was selected based on BIC
values.
We generated a phylogeny for our 23 species using the program BEAST [52], and prepared
our input file using BEAuti [53]. We used a relaxed lognormal molecular clock [54], the Yule
speciation model [55,56], and Rubus occidentalis as an outgroup. We ran 5 independent runs
of 50 million steps, thinning to every 1000 trees. We confirmed convergence of each run with
Tracer, and filtered the first 10% each group of runs using TreeAnnotator.

Statistical analyses
We estimated pairwise Spearman rank-correlations between the seed handling metrics and all
seed-trait values in this study. We also computed Moran’s I metric of phylogenetic signal [57]
for all seed traits and evaluated significance by permuting seed trait values across tips of the
phylogeny 1000 times. For all further statistical analyses, we included the following seed traits
in our seed trait matrix: percent lipids, percent carbohydrates, percent proteins, caloric concentration, dormancy period, log hardness, log shell thickness, log interaction of hardness and
thickness, log kernel mass, log shell mass, and log tannin concentration. Natural log transformation was used for seed traits with skewed distributions. Before log-transforming tannin
concentrations, a low value of 0.35% TAE was assigned to the 3 seeds with 0% TAE to avoid
undefined numbers.
We incorporated the phylogeny of hardwood trees into our statistical analyses using two
methods—variance partitioning analyses and phylogenetic PCA. To partition the variation in
each seed handling metric between seed traits and phylogenetic relationships, we used phylogenetic eigenvectors and a partial regression analysis implemented in the R package ‘PVR’ [58].
The PVR method converts a matrix of double-centered phylogenetic distances into eigenvectors, which are then used as predictors to explain variation in a trait of interest. The first few
eigenvectors, which capture most of the variation in the distance matrix, represent differences
between clades at the root of the phylogeny. Subsequent eigenvectors capture variation among
taxa or groups closer to the tips. Selection of all eigenvectors as predictors in regressions is not
necessary and may result in large or inflated R2 values. In contrast, selection of too few eigenvectors can result in residual autocorrelation because all of the phylogenetic dependence is not
captured. For our analyses, we selected phylogenetic eigenvectors that minimize residual autocorrelation as estimated by Moran’s I [59,60]. The PVR method then uses the phylogenetic
eigenvectors and environmental variables (i.e. seed traits) as predictors in a partial regression
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analyses to partition the variation in a trait. We used the PVR method to obtain the variation
in each seed handling metric (handling time and distances travelled prior to handling for
cached and consumed seeds) explained by seed traits alone, selected phylogenetic eigenvectors
alone, information shared between seed traits and selected phylogenetic eigenvectors, and
finally unexplained factors.
Next, we identified linear combinations of seed traits that exhibit autocorrelations with the
hardwood tree clades observed in our phylogeny. We performed a phylogenetic principal components analysis (pPCA) using the Abouheif method (equivalent to Moran’s I metric) of computing phylogenetic signals [61]. The pPCA groups seed traits into possible ‘global’ and ‘local’
structures given a candidate phylogeny and traits of interest. The ‘global’ structures constitute
pPC axes that are positively correlated to clades at the root of the phylogeny. Large positive
eigenvalues represent axes showing large variance and positive phylogenetic autocorrelation or
Moran’s I. In contrast, ‘local’ structures constitute pPC axes and traits with negative phylogenetic autocorrelation indicative of traits that are different between related taxa. Large negative
eigenvalues represent axes explaining a large variance and axes with a negative Moran’s I.
Together, the global and local pPC axes can suggest specific life history strategies adopted by
the taxa. We performed a pPCA on our seed trait matrix using the function ‘ppca’ in the package ‘adephylo’ [62]. To ensure that inconsistencies in the phylogeny were not driving the
observed relationships, we collapsed subclades into groups and performed the pPCA a second
time. The collapsed clades in our phylogeny included-walnuts (Juglans), hickories (Carya),
white oak group (Quercus section Quercus), red oak group (Quercus section Lobatae), and
chestnuts (Castanea). In addition, the tree contained the following singleton taxa—hazelnut
(Corylus americana), beechnut (Fagus grandifolia) and tanoak (Notholithocarpus densiflorus).
We retained the first three pPC axes (2 global and 1 local as determined by the sign of the
eigenvalue) explaining the highest proportion of variation. We tested our selected pPC axes for
significant positive and negative phylogenetic autocorrelation by performing Abouheif’s test
on the PC scores using the ‘abouheif.moran’ function. Finally, we regressed the 4 squirrel seed
handling metrics in 4 different multiple linear regression models against our 2 global and 1
local pPC axes. Plots of residuals indicated unequal variances and departures from normality,
so we evaluated significance of predictors by permuting the response variable 1000 times and
estimating the null distribution of coefficients. Finally, we performed a post-hoc Poisson
regression to predict number of trials where a conspecific interfered with seed handling using
our 3 pPC axes as predictors. To evaluate if interference caused an increase in handling time,
we performed a paired t-test comparing average times spent handling a seed type when interference was not observed to when interference was not observed pooling across seed types. All
analyses were performed in R 3.1.0.

Results
We recorded 272 foraging trials, which included 5–7 seed-consumption and 4–6 seed-caching
trials per seed type (mean of 5.04 seed-consumption and 5.52 seed-caching trials/seed type).
For tanoak (N. densiflorus) 4 caching trials were recorded. For black walnut (J. nigra), the distance travelled to consume a seed was computed for 4 of the 5 consumption trials. Kernels
were typically consumed or cached (S1 Table).
Pairwise Spearman rank correlations between seed traits of the 23 seed types revealed several patterns of correlation between groups of seed traits (S3 Table). Nutrient and perishability-related variables such as percentage of proteins, carbohydrates and lipids in the kernel,
caloric concentration, and dormancy period were positively correlated. Physical defensive traits
including hardness, shell thickness, hardness and thickness interaction, and dry mass of shell
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were also positively correlated. In addition, lipid concentration was positively correlated to
shell thickness and hardness. Tannin concentration of kernels was correlated to protein concentration and dormancy period only (S3 Table).
We successfully extracted DNA from plant tissue for 12 taxa for which sequences were not
available in GenBank (S6 Table). The concatenated dataset contained 1864 sites, out of which
332 were parsimony informative. Topology of the Bayesian tree (Fig 1) is supported by other
existing phylogenies and current taxonomic classification of the hardwood trees species [63–
67]. In addition, posterior probabilities associated with the clades were usually >0.9. Weak
node support occurred only at the tips of the phylogeny within the white oak group (Quercus
section Quercus), and the split of shagbark and pignut hickory (Carya glabra and Carya ovata,
Fig 1).
After deconstructing our phylogeny into eigenvectors, we performed variance partitioning
to estimate the proportion of squirrel seed handling investments explained by seed traits and
phylogeny (Table 1). Seed trait variation alone explained between 27 and 73% of the variation
in the seed handling behavior of squirrels. Phylogeny indepdent of the measured traits
explained <6% of all seed handling behaviors. For time required to consume a seed and distance travelled to cache a seed, the variation explained by the combination of seed traits with a
phylogenetic structure was 44% and 56%, respectively. Unexplained variation was relatively
high (21% and 32%) for distance moved to consume a seed and time required to cache a seed.
The 11 seed attributes of 23 seed types (Fig 2, S4 Table) were reduced to three phylogenetic
principal components (pPC), cumulatively explaining 83.3% of the total variation. We interpreted the first global pPC axis as family-level differences between seeds. This axis accounted
for 63.5% of the total variation. Percentage of carbohydrates loaded highly and contrasted with

Fig 1. Bayesian maximum clade credibility tree for 23 hardwood tree species from the families
Fagaceae, Juglandaceae and Betulaceae, using Rubus occidentalis as an outgroup. Tree inferred from
rbcL, matK and ITS gene sequences. Posterior node support indicated by node labels.
doi:10.1371/journal.pone.0130942.g001
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Table 1. Variance partitioning results for each squirrel seed handling behavior, including time to consume, distance travelled to consume, time to
cache, and distance travelled to cache a seed.
Response variable

Seed traits alone

Combined traits & phylogeny

Phylogeny alone

Unexplained

Time to consume

0.502

0.440

0.006

0.052

Distance travelled to consume

0.731

0.055

0.000

0.214

Time to cache

0.409

0.213

0.058

0.320

Distance travelled to cache

0.274

0.556

0.004

0.156

Values are proportion of variation (R2) of each behavior explained by seed trait information alone, combined information between seed trait and
phylogeny, phylogenetic information alone, and unexplained sources of variation.
doi:10.1371/journal.pone.0130942.t001

percentage of lipids and shell thickness. Scores from pPC1 were phylogenetically autocorrelated (I = 0.83, p = 0.002), and differentiated lipid-rich, thick shell seeds of Juglandaceae and
Betulaceae from carbohydrate-rich Fagaceae (Fig 2). The second global pPC axis explained
8.4% of the variation, and reflected genus and section-level differences in seeds. The axis positively loaded protein concentration, and negatively loaded tannin concentration and dormancy
period. Scores from pPC2 axis were also phylogenetically autocorrelated (I = 0.36, p = 0.004)
and separated high protein Juglans seeds from Carya seeds and high protein Castanea seeds
from low dormancy Quercus section Quercus seeds (Fig 2). Finally, the third pPC axis reflected
kernel size of seeds and explained 12.4% of the total variation. This axis positively loaded kernel
and shell mass and negatively loaded energy value of seed. Scores from pPC3 were not significantly phylogenetically autocorrelated (I = -0.12, p = 0.694, Fig 2). The pPC axes did not
change substantially after reducing the phylogeny to only well-established clades.
Time required to consume a seed was predicted by the two global pPC axes and the local
pPC axis (R2 = 0.76, Table 2). The distance moved to consume a seed was positively predicted
predominantly by the local pPC axis and marginally by the first global pPC axis (R2 = 0.30,
Table 2). Time required to cache a seed was negatively predicted by the first global pPC axis
and positively to the local pPC axis (R2 = 0.43, Table 2). Distance moved to cache a seed was
correlated negatively with the first global pPC axis and positively with the local pPC axis
(R2 = 0.76, Table 2).
Competitive interference was observed in 10 seed types (range 0–3 trials per seed type) and
was observed in 3 seed-caching videos and 11 seed-consumption videos. Number of trials in
which conspecific interference was observed was not predicted by any of the pPC axes. The
mean handling (consumption and/or caching) time did not differ within a seed type between
trials in which interference was observed and trials where interference was not observed
(Paired t-test t = 0.22, df = 10, P = 0.95).

Discussion
Our results provide evidence that foraging investments are influenced by a mixture of seed
traits that are phylogenetically autocorrelated (mass of shell, hardness of shell, shell thickness,
lipid concentrations, and carbohydrate concentrations) and those that are not (kernel size and
tannin concentrations, see Table 2, S5 Table). We suggest that these results support the existence of a diffuse coevolutionary relationship between eastern gray squirrels and hardwood
tree seeds.
By incorporating phylogenetic information, we found that gray squirrel foraging investments are influenced to different degrees by seed trait information, phylogenetic relatedness of
hardwood trees and unexplained sources of variation. Distance moved to consume a seed and
time to cache a seed showed a relatively high degree of unexplained variation in the variance
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Fig 2. Biplots of seed traits and scores of 23 hardwood tree species obtained from a phylogenetic
principal components analysis (pPCA). Distribution of hardwood tree species across the first 2 ‘global’
pPC axes (A). Distribution of tree species across the first ‘global’ and third ‘local’ pPC axes (B). Separation of
species belonging to families Juglandaceae and Betulaceae (symbols: square and upright triangle) from
Fagaceae (symbols: circles and inverted triangle) is observed across phylogenetically autocorrelated pPC1.
Separation of Juglans (gray filled square) from Carya (black filled square) and separation of Castanea (black
filled circle) from Quercus section Quercus (open circle) and Quercus section Lobatae (gray filled circle) is
seen across pPC2. The third axis is not significantly phylogenetically autocorrelated and species are not
differentiated by taxonomic clades across pPC3. Biplots also include Notholithocarpus densiflorus (inverted
gray triangle) and Fagus grandifolia (inverted open triangle). Biplot arrows plotted only for seed traits with
loadings greater than 75th percentile of absolute loadings (pPC loadings and 75th percentile cutoff in S4
Table).
doi:10.1371/journal.pone.0130942.g002
PLOS ONE | DOI:10.1371/journal.pone.0130942 June 25, 2015
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Table 2. Regressions of squirrel foraging behavior (time to consume, distance travelled to consume, time to cache, and distance travelled to
cache a seed) against 3 phylogenetic PC axes (pPC1, pPC2, pPC3).
Response variable
Time to consume a seed

Distance moved to consume a seed

Time to cache a seed

Predictor
Intercept

t-statistic

p-value

9.216

7.039

0.000

pPC1

-3.112

-6.208

0.000

pPC2

4.196

3.039

0.006

pPC3

2.843

2.388

0.033

Intercept

6.048

5.341

0.072

pPC1

-0.736

-1.699

0.090

pPC2

-0.007

-0.006

0.994

pPC3

2.460

2.389

0.039
0.039

2.090

10.044

pPC1

Intercept

-0.220

-2.864

0.016

pPC2

0.130

0.614

0.544

pPC3
Distance moved to cache a seed

Slope

0.507

2.133

0.047

Intercept

26.283

12.400

0.000

pPC1

-5.263

-6.757

0.000

pPC2

0.437

0.204

0.840

pPC3

8.742

3.621

0.002

Estimates of slope, t-statistic and p-value are provided for each predictor. Boldface depicts values of p < 0.05; italics depict 0.05  p < 0.10.
doi:10.1371/journal.pone.0130942.t002

partitioning analyses, suggesting that these metrics may be influenced to a relatively greater
degree by variables not measured in this study. A different pattern of variance partitioning was
observed for time required to consume a seed and distance to cache a seed, both of which are
behaviors related to caching decisions and seed survival. Specifically, seeds with large handling
times may be cached more often, increasing the possibility of germination and establishment,
and seeds cached at long distances may escape density-dependent sources of mortality
[16,17,18,68]. These behaviors were explained to a large extent by the shared information in
seed traits and phylogeny (Table 1), suggesting possible coevolution between hardwood trees
and eastern gray squirrels.
Coevolution results from interactions that occur over long time scales and should extend to
ancestral states existing prior to differentiation of genera [36]. Our pPCA methods allowed us
to determine which seed trait variants correspond to family and genus-level differentiations
among our 23 hardwood tree species. By regressing squirrel foraging investments against pPC
axes, we indirectly determined if gray squirrels are sensitive to family or genus-level seed trait
variations.
Family-level seed trait differences were more important in predicting gray squirrel behavior
than genus- or section-level differences. The earliest split observed in our hardwood tree phylogeny corresponds to the separation of Juglandaceae and Betulaceae from Fagaceae (Fig 1),
which coincides with two different strategies of making seeds (as suggested by the global pPC1
axis)—lipid-rich and thick shelled seeds in Juglandaceae and Betulaceae, as opposed to thinshelled but carbohydrate-rich Fagaceae seeds (Fig 2). Specifically, squirrels travel farther to
cache and invest more time caching/consuming lipid-rich and thick-shelled Juglandaceae and
Betulaceae seeds (Table 2), potentially improving seed survival and fitness of these trees. The
second pPC axis, describing differences in seed traits between genera and section clades, was
also included as a predictor in our regression analyses but positively explained only time to
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consume a seed (Table 2). This finding supports the existence of coevolutionary interactions
between squirrels and hardwood trees.
If coevolutionary interactions exist between gray squirrels and hardwood trees, either a
weak diffuse coevolution or a strong pairwise coevolution could exist. The local axis, with no
phylogenetic signal, was an important predictor of squirrel behavior and thus supports a diffuse coevolutionary interaction. Specifically, large loadings on the local pPC3 axis reflected
high kernel mass, which was one of two seed traits in our set showing no phylogenetic signal
(S4 and S5 Tables). This local axis explained only 12% of seed trait variation, but it was a significant predictor of distance travelled to consume or cache a seed and time to cache a seed. If kernel size is an evolutionarily more labile trait, then trees from all the three families can improve
chances of recruitment by producing seeds with larger kernels to attract dispersers and increase
handling costs.
The adaptive strategies of trees to influence seed handling are not limited to attributes of a
single seed. Trees with smaller kernels and smaller seed mass may adopt strategies not examined in this study such as production of large numbers of seeds and synchronized masting
[69,70]. Environmental variables not considered here could also influence foraging behaviors,
particularly behaviors with a relatively high proportion of unexplained variation including
number of conspecific interferences per seed type, time to cache a seed and distance to consume a seed. These foraging behaviors may be influenced by environmental metrics such as
density of conspecifics at a location and perceived predation risk. However, seed traits alone
accounted for 73% of distance travelled to consume a seed and 41% of time to cache a seed in
variance partitioning analyses, which were larger than the R2 values associated with the multiple regression analyses involving 2 global and 1 local pPC axes. Thus, additional local pPC axes
showing no significant phylogenetic signal, and not considered here, might play an important
role in explaining seed handling behaviors.
Although the small sample (n = 3) of seeds could lead to imprecise estimates for attributes,
our seed trait values match published values [68], which also indicate that seeds of Juglandaceae have higher energetic values and lipid content as opposed to seeds of Fagaceae. Given the
large differences in seed traits among species, trait variation within species is unlikely to substantially alter the phylogenetic signals computed here. That said, the effects of seed traits on
the fitness of individual trees will depend on their specific environmental and competitive contexts. Therefore, future studies that directly address intraspecific trait variation will be needed
to completely understand the coevolutionary dynamics of trees and rodents.
From a gray squirrel’s perspective, the degree to which seed traits influenced foraging
investments differed depending on whether the seed was consumed or cached. For consumed
seeds, degree of physical protection, caloric potential of seed and net protein availability influenced handling behaviors (Table 2). Consistent with other studies [20], consumption time
increased for large seeds with thick, hard shells. Consumption time was also negatively related
to tannin concentration of the kernel, which may result from squirrels rejecting portions of
kernels with high tannins (~0.25–0.5g), potentially because high tannin concentrations render
a seed unpalatable [24]. Distances to consume and cache seeds were influenced by lipid concentration, shell thickness, and kernel size, which is consistent with other studies [13,71].
Moreover, we observed a significant positive correlation between handling time and distance
moved to consume a seed (r = 0.674, S3 Table) which suggests that squirrels may carry seeds
farther to sites where predation risk or conspecific competition is low before consuming seeds
that require more time and energy to handle [10].
We found no evidence of interference from conspecifics varying with respect to seed traits.
Paired t-test results suggest that conspecific interference does not influence time required to
consume a seed. However, we evaluated interference post-hoc, and our results were based on
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only 14 instances. Therefore, studies designed to examine effects of interference from conspecifics are needed to confirm our results. For seeds that were cached, we found increased cache
time for seeds with a thick shell and high lipid concentration (pPC1), and large kernel size
(pPC3). These results indicate that large seeds require a deeper site to be excavated for caching.
Alternatively, this result could also arise if squirrels perceive large seeds to be valuable and consequently invest longer amounts of time in caching them [72].
Our results reinforce the notion that different seed traits can influence foraging investments
related to caching versus consumption. Moreover, our results suggest that it is unwise to discount the behavioral importance of seed traits that show no phylogenetic structure or explain
little variation in trait-phylogeny space. Future research using phylogenetic methods in concert
with trait measurements and behavioral observations will be useful to compare the effects of
selection pressures imposed by rodents on seed-bearing trees in ecosystems that presumably
vary in their coevolutionary histories.

Supporting Information
S1 Fig. Cross-head design based on the skull of an eastern gray squirrel (Sciurus carolinensis) used with an MTS/Sintech machine to estimate hardness of the 23 hardwood trees in
this study. Upper and lower jaws were separated by removing the screw holding the two pieces
together.
(JPG)
S1 Table. Eastern gray squirrel (Sciurus carolinensis) foraging behaviors associated with 23
seed hardwood tree seeds. Metrics include average time to consume (mins), average distance
travelled to consume (m), average time to cache (mins), average distance travelled to cache (m)
and average grams of unconsumed kernel per seed type (g).
(PDF)
S2 Table. Seed trait values for the 23 hardwood tree species in this study. Traits include total
seed mass (g), shell mass (g), hardness (kg), shell thickness (micrometers), cold stratification
days required to break dormancy (d), energetic or caloric value (calories per gram), protein
(%), carbohydrate (%) and lipid (%) content, tannin concentration (% tannic acid equivalents),
and moisture content (%).  Seeds of genus Castanea, $ Seeds of genus Corylus, ¥ Seeds of
genus Carya
(PDF)
S3 Table. Pairwise Spearman rank correlation tests for squirrel seed handling metrics and
seed traits. Spearman rank correlation coefficients are in the upper diagonal of matrix and
accompanying p-values in the lower diagonal. Boldface values correspond to significant correlations at an alpha of 0.05. In the table, kern = kernel mass (g), shell = shell mass (g),
tannins = percentage TAE, energy = calories/g, hard = hardness (kg), thick = thickness (micrometers), interaction = hardness  thickness, dormancy = average cold stratification days,
protein = percentage proteins in kernel, carb = percentage carbohydrate in kernel,
lipid = percentage lipid in kernel, cons. time = consumption time (mins), cons. dist = distance
to consume a seed (m), cache. time = time to cache (mins), dist. cache = distance to cache a
seed (m).
(PDF)
S4 Table. Phylogenetic principal components (pPCA) loadings and 75th percentile or cutoff
of absolute loadings associated with 11 seed traits. Traits include kernel mass (log), shell
mass (log), tannin concentration (log), energetic or caloric concentration, hardness (log), shell
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thickness (log), interaction of hardness and shell thickness (log), dormancy period (given by
number of cold stratification days), protein, carbohydrate and lipid concentration for each
axis. Boldface values represent loadings that fall outside of 75th percentile cutoff values and are
variables that are weighted heavily by the corresponding axis.
(PDF)
S5 Table. Moran’s I indicating degree of phylogenetic autocorrelation for each seed trait. 
The p-value is given as proportion of null distribution (null distribution estimated by randomizing trait values across tips of the phylogeny) greater than estimated Moran’s I value. Boldface
p-values are significant at alpha of 0.05.
(PDF)
S6 Table. GenBank accession numbers for sequences used to create the phylogenetic tree. 
Sequences generated for this study.
(PDF)

Acknowledgments
We thank J. A. DeWoody, P. A. Zollner and N. O. Widmar for reviewing the manuscript. The
Fred M. van Eck Forest Foundation for Purdue University and the John S. Wright Endowment
provided financial support. R. Stroshine, L. Adeola, and L. Skillman provided valuable technical assistance.

Author Contributions
Conceived and designed the experiments: MS NIL MAS RKS. Performed the experiments: MS
JRW. Analyzed the data: MS NIL JRW. Contributed reagents/materials/analysis tools: MS JRW
RKS. Wrote the paper: MS JRW NIL MAS RKS.

References
1.

Theimer TC. Rodent scatterhoarders as conditional mutualists. In: Forget PM, Lambert JE, Hulme PE,
Vander Wall SB, editors. Seed fates, predation, dispersal, and seedling establishment. Wallingford,
UK: CAB International; 2005. pp. 283–295.

2.

Vander Wall SB. Food hoarding in animals. Chicago, USA: The University of Chicago Press; 1990.

3.

Vander Wall SB. Seed Fate Pathways of Antelope Bitterbrush—Dispersal by Seed-Caching Yellow
Pine Chipmunks. Ecology. 1994; 75: 1911–1926.

4.

Wenny DG. Advantages of seed dispersal: A re-evaluation of directed dispersal. Evol Ecol Res. 2001;
51–74.

5.

Vander Wall SB, Forget PM, Lambert JE, Hulme PE. Seed fate pathways: filling the gap between parent and offspring. In: Forget PM, Lambert JE, Hulme PE, Vander Wall SB, editors. Seed fate: Predation,
dispersal and seedling establishment. Cambridge, Massachusetts, USA: CAB International; 2005. pp.
1–8.

6.

Forget PM, Vander Wall SB. Scatter-hoarding rodents and marsupials: convergent evolution on diverging continents. Trends Ecol Evol. 2001; 16:65–67. PMID: 11165699

7.

Lichti NI. Implications of context-dependent scatter-hoarding for seed survival and dispersal in North
American oaks (Quercus). Purdue University. 2012.

8.

Wang B, Ye C, Cannon CH, Chen J. Dissecting the decision making process of scatter-hoarding
rodents. Oikos. 2012;000:001–008. doi: 10.1111/j.1600-0706.2012.20823.x

9.

Xiao ZS, Zhang ZB. Nut predation and dispersal of Harland Tanoak Lithocarpus harlandii by scatterhoarding rodents. Acta Oecologica-International J Ecol. 2006; 29:205–213. doi: 10.1016/j.actao.2005.
10.004

10.

Vander Wall SB. How plants manipulate the scatter-hoarding behaviour of seed-dispersing animals.
Philos Trans R Soc B-Biological Sci. 2010; 365:989–997. doi: 10.1098/rstb.2009.0205

PLOS ONE | DOI:10.1371/journal.pone.0130942 June 25, 2015

13 / 16

Phylogenetic & Ecological Determinants of Gray Squirrel Foraging

11.

Delgado MM, Nicholas M, Petrie DJ, Jacobs LF. Fox squirrels match food assessment and cache effort
to value and scarcity. PLoS One. 2014; 9:e92892. doi: 10.1371/journal.pone.0092892 PMID:
24671221

12.

Chen X, Cannon CH, Conklin-Brittan N Lou. Evidence for a trade-off strategy in stone oak (Lithocarpus)
seeds between physical and chemical defense highlights fiber as an important antifeedant. PLoS One.
2012; 7:e32890. doi: 10.1371/journal.pone.0032890 PMID: 22457722

13.

Jansen PA, Bongers F, Hemerik L. Seed mass and mast seeding enhance dispersal by a neotropical
scatter-hoarding rodent. Ecol Monogr. 2004; 74:569–589.

14.

Xiao ZS, Zhang ZB, Wang YS. Effects of seed size on dispersal distance in five rodent-dispersed fagaceous species. Acta Oecologica-International J Ecol. 2005; 28:221–229. doi: 10.1016/j.actao.2005.04.
006

15.

Wang B, Chen J. Effects of Fat and Protein Levels on Foraging Preferences of Tannin in Scatter-Hoarding Rodents. PLoS One. 2012; 7:e40640. doi: 10.1371/journal.pone.0040640 PMID: 22808217

16.

Janzen DH. Herbivores and the Number of Tree Species in Tropical Forests. Am Nat. 1970; 104:501–
528.

17.

Janzen DH. Seed Predation by Animals. Annu Rev Ecol Syst. 1971; 2:465–492.

18.

Jansen PA, Bongers F, van der Meer PJ. Is farther seed dispersal better? Spatial patterns of offspring
mortality in three rainforest tree species with different dispersal abilities. Ecography (Cop). 2008;
31:43–52. doi: 10.1111/j.2007.0906–7590.05156.x

19.

Lichti NI, Steele MA, Zhang H, Swihart RK. Mast species composition alters seed fate in North American rodent-dispersed hardwoods. Ecology. 2014; 95:1746–1758. PMID: 25163109

20.

Lewis AR. Selection of Nuts by Gray Squirrels and Optimal Foraging Theory. Am Midl Nat. 1982;
107:250–257.

21.

Smith CC, Follmer D. Food Preferences of Squirrels. Ecology. 1972; 53:82–91.

22.

Jacobs LF. The Effect of Handling Time on the Decision to Cache by Gray Squirrels. Anim Behav.
1992; 43:522–524.

23.

Steele MA. Evolutionary interactions between tree squirrels and trees: A review and synthesis. Curr
Sci. 2008; 95:871–876.

24.

Steele MA, Knowles T, Bridle K, Simms EL. Tannins and partial consumption of acorns: implications for
dispersal of oaks by seed predators. Am Midl Nat. 1993; 130:229–238.

25.

Robbins CT, Hagerman AE, Austin PJ, Mcarthur C, Hanley TA. Variation in Mammalian PhysiologicalResponses to a Condensed Tannin and Its Ecological Implications. J Mammal. 1991; 72:480–486.

26.

Salminen J, Karonen M. Chemical ecology of tannins and other phenolics: we need a change in
approach. Funct Ecol. 2011; 25:325–338.

27.

Shimada T, Saitoh T. Negative effects of acorns on the wood mouse Apodemus speciosus. Popul Ecol.
2003; 45:7–17. doi: 10.1007/S10144-002-0134-4

28.

Chung-maccoubrey AL, Hagerman AE, Kirkpatrick RL. Effects of Tannins on Digestion and Detoxification Activity in Gray Squirrels (Sciurus carolinensis). Physiol Zool. 1997; 70:270–277. PMID: 9231400

29.

Shimada T, Saitoh T, Sasaki E, Nishitani Y, Osawa R. Role of tannin-binding salivary proteins and tannase-producing bacteria in the acclimation of the Japanese wood mouse to acorn tannins. J Chem
Ecol. 2006; 32:1165–1180. doi: 10.1007/s10886-006-9078-z PMID: 16770711

30.

Wang B, Chen J. Tannin concentration enhances seed caching by scatter-hoarding rodents: An experiment using artificial “seeds.” Acta Oecologica-International J Ecol. 2008; 34:379–385. doi: 10.1016/j.
actao.2008.07.001

31.

Steele MA, Manierre S, Genna T, Contreras TA, Smallwood PD, Pereira ME. The innate basis of foodhoarding decisions in grey squirrels: evidence for behavioural adaptations to the oaks. Anim Behav.
2006; 71:155–160. doi: 10.1016/J.Anbehav.2005.05.005

32.

Steele MA, Turner G, Smallwood PD, Wolff JO. Cache Management by small mammals: experimental
evidence for the significance of acorn- embryo excision cache management by small mammals: experimental evidence for the significance of acorn-embryo excision. J Mammal. 2001; 82:35–42.

33.

Janzen DH. When is it Coevolution?. Evolution. 1980; 34:611–612.

34.

Xiao ZS, Gao X, Steele MA, Zhang ZB. Frequency-dependent selection by tree squirrels: adaptive
escape of nondormant white oaks. Behav Ecol. 2010; 21:169–175. doi: 10.1093/Beheco/Arp169

35.

Herrera CM. Determinants of plant-animal coevolution: The case of mutualistic dispersal of seeds by
vertebrates. Oikos. 1985; 44:132–141.

36.

Howe HF, Smallwood J. Ecology of seed dispersal. Annu Rev Ecol Syst. 1982; 13:201–228.

PLOS ONE | DOI:10.1371/journal.pone.0130942 June 25, 2015

14 / 16

Phylogenetic & Ecological Determinants of Gray Squirrel Foraging

37.

Parker TS, Nilon CH. Gray squirrel density, habitat suitability, and behavior in urban parks. Urban Ecosyst. 2008; 11:243–255. doi: 10.1007/s11252-008-0060-0

38.

Hagerman AE. Radial diffusion method for determining tanning in plant extracts. J Chem Ecol. 1987;
13:437–449. doi: 10.1007/BF01880091 PMID: 24301886

39.

Johnson WC, Thomas L, Adkisson CS. Dietary Circumvention of Acorn Tannins by Blue Jays—Implications for Oak Demography. Oecologia. 1993; 94:159–164.

40.

Bonner FT, Karrfalt RP. The Woody Plant Seed Manual. Agricultur. Bonner FT, Karrfalt RP, editors.
USDA Forest Service; 2008.

41.

Bonner FT, Maisenhelder LC. Carya Nutt., hickory. In: Seeds of woody plants of the United States. Agricultur. USDA Forest Service; 1974. pp. 269–272.

42.

Carpenter IW, Guard AT. Anatomy and morphology of the seedling roots of four species of the genus
Quercus. J For. 1954; 52:269–274.

43.

Sambrook J, Russell DW. Molecular cloning: a laboratory manual. New York, USA: Cold Spring Harbor Laboratory Press; 2001.

44.

Angeles JGILC, Laurena AC, Tecson-Mendoza EM. Extraction of genomic DNA from the lipid-, polysaccharide-, and polyphenol-rich coconut (Cocos nucifera L.). Plant Mol Biol Report. 2005; 23:297a–
297i.

45.

Burgess KS, Fazekas AJ, Kesanakurti PR, Graham SW, Husband BC, Newmaster SG, et al. Discriminating plant species in a local temperate flora using the rbcL+matK DNA barcode. Methods Ecol Evol.
2011; 2:333–340. doi: 10.1111/j.2041-210X.2011.00092.x

46.

White TJ, Bruns T, Lee S, Taylor J. Amplification and direct sequencing of fungal ribosomal RNA genes
for phylogenetics. In: PCR protocols: a guide to methods and applications. Innis M, Gelfand D, Sninsky
J, White T, editors. San Diego, CA: Academic Press; 1990. pp. 315–322.

47.

Moretti S, Armougom F, Wallace IM, Higgins DG, Jongeneel C V, Notredame C. The M-Coffee web
server: a meta-method for computing multiple sequence alignments by combining alternative alignment
methods. Nucleic Acids Res. 2007; 35:W645–W648. doi: 10.1093/nar/gkm333 PMID: 17526519

48.

Wallace IM, O’Sullivan O, Higgins DG, Notredame C. M-Coffee: combining multiple sequence alignment methods with T-Coffee. Nucleic Acids Res. 2006; 34:1692–9. doi: 10.1093/nar/gkl091 PMID:
16556910

49.

Campbell V, Legendre P, Lapointe FJ. The performance of the Congruence Among Distance Matrices
(CADM) test in phylogenetic analysis. BMC Evol Biol. 2011; 11:64. doi: 10.1186/1471-2148-11-64
PMID: 21388552

50.

Schliep KP. phangorn: phylogenetic analysis in R. Bioinformatics. 2011; 27:592–3. doi: 10.1093/
bioinformatics/btq706 PMID: 21169378

51.

Zharkikh A. Estimation of evolutionary distances between nucleotide sequences. J Mol Evol. 1994;
39:315–329. PMID: 7932793

52.

Drummond AJ, Rambaut A. BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evol Biol.
2007; 7:214. doi: 10.1186/1471-2148-7-214 PMID: 17996036

53.

Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian phylogenetics with BEAUti and the BEAST
1.7. Mol Biol Evol. 2012; 29:1969–73. doi: 10.1093/molbev/mss075 PMID: 22367748

54.

Drummond AJ, Ho SYW, Phillips MJ, Rambaut A. Relaxed phylogenetics and dating with confidence.
PLoS Biol. 2006; 4:e88. doi: 10.1371/journal.pbio.0040088 PMID: 16683862

55.

Gernhard T. The conditioned reconstructed process. J Theor Biol. 2008; 253:769–778. doi: 10.1016/j.
jtbi.2008.04.005 PMID: 18538793

56.

Yule GU. A mathematical theory of evolution, based on the conclusions of Dr. J. C. Willis, F.R.S. Philos
Trans R Soc London (Series B). 1925; 213:21–87.

57.

Gittleman JL, Kot M. Adaptation: Statistics and a Null Model for Estimating Phylogenetic Effects. Syst
Zool. 1990; 39:227. doi: 10.2307/2992183

58.

Santos T, Diniz-Filho JA, Bini TR e LM. Package “PVR.” 2012. pp. 1–13.

59.

Desdevises Y, Legendre P, Azouzi L, Morand S. Quantifying phylogenetically structured environmental
variation. Evolution. 2003; 57:2647–2652. PMID: 14686540

60.

Diniz Filho JAF, Rangel TF, Santos T, Bini LM. Exploring patterns of interspecific variation in quantitative traits using sequential phylogenetic eigenvector regressions. Evolution. 2012; 66:1079–90. doi: 10.
1111/j.1558-5646.2011.01499.x PMID: 22486690

61.

Jombart T, Pavoine S, Devillard S, Pontier D. Putting phylogeny into the analysis of biological traits: a
methodological approach. J Theor Biol. 2010; 264:693–701. doi: 10.1016/j.jtbi.2010.03.038 PMID:
20361983

PLOS ONE | DOI:10.1371/journal.pone.0130942 June 25, 2015

15 / 16

Phylogenetic & Ecological Determinants of Gray Squirrel Foraging

62.

Jombart T, Balloux F, Dray S. Adephylo: new tools for investigating the phylogenetic signal in biological
traits. Bioinformatics. 2010; 26:1907–9. doi: 10.1093/bioinformatics/btq292 PMID: 20525823

63.

Manos PS, Cannon CH, Oh S. Phylogenetic relationships and taxonomic status of the paleoendemic
Fagacaea of western North America: Recognition of a new genus, Notholithocarpus. Madrono. 2008;
55:181–190.

64.

Zhang JB, Li RQ, Xiang XG, Manchester SR, Lin L, Wang W, et al. Integrated fossil and molecular data
reveal the biogeographic diversification of the eastern Asian-eastern North American disjunct hickory
genus (Carya Nutt.). PLoS One. 2013; 8:e70449. doi: 10.1371/journal.pone.0070449 PMID: 23875028

65.

Li R, Chen Z, Lu A, Soltis DE, Soltis PS, Manos PS. Phylogenetic relationships in Fagales based on
DNA sequences from three genomes. Int Jounral Plant Sci. 2004; 165:311–324.

66.

Manos PS, Stone DE. Evolution, phylogeny, and systematics of the Juglandaceae. Ann Missouri Bot
Gard. 2001; 88:231–269.

67.

Oh S, Manos PS. Molecular phylogenetics and cupule evolution in Fagaceae as inferred from nuclear
CRABS CLAW sequences. Taxon. 2008; 57:434–451.

68.

Vander Wall SB. The evolutionary ecology of nut dispersal. Bot Rev. 2001; 67:74–117.

69.

Kelly D. The evolutionary ecology of mast. Trends Ecol Evol. 1994; 9:465–470. doi: 10.1016/01695347(94)90310-7 PMID: 21236924

70.

Schnurr JL, Ostfeld RS, Canham CD. Direct and indirect effects of masting on rodent populations and
tree seed survival direct and indirect effects of casting on rodent populations and tree seed survival.
Oikos. 2014; 96:402–410.

71.

Moore JE, McEuen AB, Swihart RK, Contreras TA, Steele MA. Determinants of seed removal distance
by scatter-hoarding rodents in deciduous forests. Ecology. 2007; 88:2529–2540. PMID: 18027756

72.

Hopewell LJ, Leaver LA. Evidence of social influences on cache-making by grey squirrels (Sciurus carolinensis). Ethology. 2008; 114:1061–1068. doi: 10.1111/j.1439-0310.2008.01554.x

PLOS ONE | DOI:10.1371/journal.pone.0130942 June 25, 2015

16 / 16

